Here, we report how presynaptic ultrastructure and funccurrent facilitation, and the number of active zones tional properties of the calyx of Held change during de-(AZs) increased with age, whereas AZ area, number velopment to produce an exceptionally fast and efficient of docked vesicles per AZ, and release probability deexcitatory synapse. We combined electron microscopy, creased with age. These changes led to AZs that are presynaptic membrane capacitance (C m ) measureless prone to multivesicular release, resulting in rements, and EPSC recordings to study developmental duced AMPA receptor saturation and desensitization. 
the low-affinity AMPA-R. Figure 2C schematizes the Presynaptic Ca currents (I Ca ) in the calyx of Held inactivate during long-lasting tetanic stimulation (e.g., 1500 main developmental changes in the architecture of the calyx of Held, including our observation that more of stimuli at 100 Hz; Forsythe et al., 1998), and this inactivation contributes to posttetanic depression of EPSCs. the PSDs were curved at P14 (75%; n ϭ 79) than at P5 (47%; n ϭ 55).
However, as illustrated in Figure 3B In Figure 3C , I Ca elicited in a P7 calyx by a 1 ms depolarmann, 1999). We therefore asked if the different capabilities of immature and mature synapses to follow highization (0 mV) and by an immature AP waveform (P6) are superimposed for comparison. On average, Q Ca profrequency inputs could, in part, be related to differential changes in presynaptic AP waveform. For both P5-P7 duced by both voltage commands was similar at this age (Table 2) . Thus, 1 ms pulses to 0 mV approximated and P12-P14 calyces, presynaptic APs could be reliably elicited by afferent fiber stimulation at frequencies of well the physiological AP depolarization in immature terminals. The large membrane capacitance of the calyx up to 100 Hz. In immature calyces, higher frequencies typically resulted in a number of failures (2-3 out of 15 (see below), however, prevented use of the fast, mature APs as voltage commands to reliably measure APstimuli for 300 Hz; data not shown) and were therefore not used in this study. driven I Ca in P12-P14 terminals with single electrode voltage-clamp (Borst and Sakmann, 1996). On the other Figure 3A illustrates 100 Hz trains of presynaptic APs evoked by afferent fiber stimulation. The first and last hand, it is likely that at this age, the Q Ca produced by 1 ms depolarizations to 0 mV is larger than AP-driven (15 th ) AP in the train are superimposed at an expanded time scale. As previously reported (Taschenberger and Q Ca , taking into account that mature APs are shortened by Ͼ50%. In P8-P10 synapses, 1 ms depolarizations von Gersdorff, 2000), the width of calyceal APs greatly decreased as terminals matured. However, during short to ϩ7 mV are equivalent to AP-driven Q Ca (Sun et al., 2002). To more realistically mimic AP-driven Ca influx trains only a minor broadening of APs was detected in both age groups. From the first to the last AP, the halfin mature terminals, we therefore resorted to stronger depolarizations (ϩ40 mV, the peak of the AP; Figure 3D ) width increased on average by less than 5% in P5-P7 terminals (from 457 Ϯ 30 s to 479 Ϯ 31 s, n ϭ 9) and in some experiments (Sakaba and Neher, 2001). This protocol resulted in smaller Q Ca than depolarizations to by less than 2% in P12-P14 terminals (from 208 Ϯ 22 s to 211 Ϯ 22 s, n ϭ 4; Figure 3A , right). We therefore 0 mV (Table 2) , and we will refer to the two different stimuli (1 ms, 0 mV for immature and 1 ms, ϩ40 mV for conclude that calyceal APs are resistant to broadening for short stimulus trains. mature terminals) as AP-like depolarizations. Since we surmised that Q Ca elicited in P12-P14 termi- Table 2 ). This result parallels the similarity in mean EPSC amplitudes at the two developmental also holds true for longer pulse durations. For prolonged depolarizations (Ͼ5 ms), the difference between Q Ca in stages (see below). The ratio between ⌬C m(train) and the value 15 ϫ ⌬C m(single) was, however, similar for depolarizaimmature and mature calyces was generally larger (Figure 5C ), presumably because I Ca did not fully activate tions to ϩ40 mV or 0 mV (Table 2) . With a mean vesicle diameter of 50 nm (see EM measurements above), and during 1 ms step depolarizations. For example, 50 ms depolarizations elicited mean peak I Ca amplitudes of assuming a specific membrane capacitance of 10 fF/ m 2 , we estimate the average number of vesicles re-1.0 Ϯ 0.1 nA (P6-P7, n ϭ 6) and 1.6 Ϯ 0.2 nA (P11-P12, n ϭ 5). This developmental increase in I Ca is consistent leased by single AP-like depolarizations to be ‫065ف‬ for P5-P7 and ‫087ف‬ for P12-P14.
with previous reports (Chuhma and Ohmori, 1998), and it could compensate for the shorter AP widths, which would per se reduce Ca influx and release (Borst and Developmental Increase in the Efficiency of Exocytosis Sakmann, 1999; Lin and Faber, 2002). However, for any given value of Q Ca , the corresponding ⌬C m was at least We next compared the relationship between Ca influx and ⌬C m during development. As noted above, Q Ca elicone-third higher in mature terminals ( Figure 5D ). ⌬C m started to plateau for depolarizations longer than 30 ms, ited by short depolarizations (0 mV, 1 ms) was on average only 9.3% larger in P12-P14 compared with P5-P7 presumably because of depletion of releasable vesicles. Previous ⌬C m measurements plateaued at 10 to 30 ms calyces (Table 2) The amount of inhibition by KYN in immature synapses was greatly reduced later in a train, especially for the Following presynaptic APs, the peak glutamate concentration in the synaptic cleft is high enough to cause a second and third EPSCs. On average, the second EPSC and the last EPSC in the train were 61% Ϯ 5% and large fraction of KYN to be displaced by glutamate and thereby generate an EPSC. We reasoned that, in the 40% Ϯ 3% of control. In P5-P7 synapses, the reduced KYN inhibition during trains resulted in less synaptic presence of KYN, the fraction of AMPA-R entering a desensitized state might be greatly reduced because depression compared with control conditions ( Figures  6B and 6C) . In contrast to P5-P7 synapses, at P12-P14 KYN prevents binding to glutamate of a large fraction of the AMPA-R. In addition, after opening, most recepthe average amount of inhibition by KYN was nearly uniform among all EPSCs in the train, and depression tors will rebind KYN due to its faster binding rate and much higher concentration than residual glutamate.
was unchanged by KYN (23% Ϯ 2% of control for the second EPSC and 18% Ϯ 2% of control for the last KYN bound receptors will then be available for opening during the subsequent release event.
EPSC; Figures 6). (Figure 7) . CTZ was used at a relatively low concentration (50 conditions ( Figure 8A ) and in the combined presence of 1 mM KYN and 50 M CTZ ( Figure 8B ). The control M) to reduce its effects on release probability (Ishikawa and Takahashi, 2001).
EPSC cum in P5-P7 synapses was 28% of the value obtained for P12-P14 synapses (19.2 Ϯ 3.2 nA versus CTZ, PEPA, and ANI increased peak amplitudes and 69.6 Ϯ 6.2 nA). With quantal amplitudes of 28.7 Ϯ 3.0 was 51.9% Ϯ 5.6% in P5-P7 but only 13.1% Ϯ 0.7% in P12-P14 MNTB cells. In the presence of CTZ ϩ KYN, (n ϭ 5 cells, 5095 mEPSCs) and 42.8 Ϯ 5.6 pA (n ϭ 8 cells; 4911 mEPSCs), for P5-P7 and P12-P14, respechowever, this value was reduced to 22.7% Ϯ 3.7% for P5-P7 terminals but virtually unchanged for mature syntively, the EPSC cum thus corresponds to approximately 670 quanta (P5-P7) versus 1630 quanta (P12-P14). Howapses (13.0% Ϯ 0.9%; Figure 8C ). For P5-P7 calyces, estimates similar to the values for EPSCs in KYN ϩ CTZ ever, with KYN ϩ CTZ present in the bath, the EPSC cum measured for P5-P7 grew to 65% of the value for P12-were obtained for capacitance measurements (⌬C m1 / ⌬C m15 ϭ 22.7% Ϯ 3.8%). For P12-P14 terminals, ⌬C m1 / P14 (23.9 Ϯ 4.0 nA versus 36.7 Ϯ 4.8 nA). Thus, the number of released quanta is vastly underestimated for ⌬C m15 was slightly higher than EPSC 1 /EPSC cum (22.4% Ϯ
2.5%). immature synapses under control conditions (Scheuss et al., 2002). Since individual mEPSCs in the presence
We next estimated the probability of release for a single quantum (P ves ) using the method of Elmquist and of KYN ϩ CTZ were too small to be reliably detected, we estimated their amplitude by assuming that mEPSCs Quastel (1965). This approach is based on a simple depletion model of depression, which assumes that are similarly reduced by KYN ϩ CTZ as are evoked EPSCs (48.6% Ϯ 4.2% for P5-P7 and 47.5% (P5-P7) and 0.13 (P12-P14; Figure 8D ). For P12-P14, ments in which external Ca was varied over a large range (1 to 4 mM). In order to prevent AMPA-R saturation, 1 P ves estimated from control EPSC trains was similar (P ves ϭ 0.15) to the value obtained in the presence of mM KYN was added to the bath. Under these conditions, a large increase in EPSC size with increasing Ca concen-CTZ ϩ KYN, which is consistent with a very minor contribution of postsynaptic effects to depression in P12-P14, tration was observed for both immature and mature synapses, lending support to our estimate of low P ves for and also suggests that CTZ did not significantly affect P ves (Ishikawa and Takahashi, 2001). Notice that after the both ages. Since the amount of EPSC inhibition by KYN is sensitive to changes in peak concentration of the first five stimuli, the data points in Figure 8D 100 Hz trains of 15 stimuli. Thus, a similar number of quanta are released at both ages by such stimuli, as In congenitally deaf cats, an increase in AZ size was noticed by six months of age in these synapses, which suggested also by ⌬C m for train depolarizations (Table  2 ). Our C m measurements suggest that a single AP-like may compensate for decreased electrical activity (Redd et al., 2000), and P r is higher in congenitally deaf mice stimulus releases 560 (P5-P7) to 720 (P12-P14) vesicles. The P5-P7 value is similar to a report for P8-P10 termi-(P r ϭ 0.8) than in hearing animals (P r ϭ 0. Figure 5D ) coincides nism, such as vesicle pool depletion, accounts for depression. We emphasize, however, that AMPA-R in mawith the P12-P14 data, suggesting that the Ca dependence of exocytosis was similar for both age groups.
ture synapses may experience a significant amount of desensitization at stimulation frequencies higher than 100 Hz. 
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